Background: A series of laboratory tests was conducted to investigate the influence of the interaction between coarse and fine particles on the mobility of granular flows in a small flume.
Background
Granular flows are widespread in nature as rockslides, volcanic block-and-ash pyroclastic flows, and dry rock and debris avalanches. An important feature of these flows is their extremely high mobility (up to tens of kilometers), which is capable of moving freely from their sources. Many researchers (e.g. Davies et al. 2012; Heim, 1932; Hsü, 1975; Scheidegger, 1973) reported that the mobility of these flows is dependent on their volume, indicating that large events travel farther than smaller ones. However, the long run-out granular flows moved far beyond the distance that could have been expected when considering the size effect alone (Erismann and Abele, 2001) . The fundamental understanding of the propagation mechanisms of granular flows is important, in particular when geomorphological circumstances and mechanical properties of involved materials are varied according to different specific events.
The physical behavior of dense granular flows has attracted considerable attention from laboratory experiment and numerical modeling points of view. The dynamics of the collapses of axisymmetric and two-dimensional granular columns onto a horizontal surface and the subsequent granular propagation have been investigated experimentally (e.g. Balmforth and Kerswell, 2005; Lajeunesse et al., 2005; Lube et al., 2005) . The test results challenged the traditional view that the run-out depends only on the volume of the materials involved, and emphasized the importance of the initial aspect ratio of the column instead. Other researchers presented some numerical simulations to reproduce natural mass flows over complex terrains (e.g. Denlinger and Iverson, 2004; Iverson and Denlinger, 2001; Pudasaini and Hutter, 2003) and experimental flows (e.g. Pudasaini et al., 2008; Yang et al., 2014) . Parameters used in the numerical simulations are usually obtained by back analyses of occurred events or by calibration, as a result of the extreme complexity of such phenomena and the still incomplete knowledge of the governing laws controlling the behavior of these materials (Crosta et al., 2009 ).
Experiment plays a significant role in contributing a better understanding of propagation mechanisms and factors influencing velocity and deposit characteristics (Yang et al., 2011) . A majority of previous experiments have focused on the case of monodisperse materials down inclined roughened slope (e.g. Davies et al. 1999; Manzella and Labiouse, 2013; Pouliquen, 1999) . However, particles rarely have a regular shape or a uniform size distribution (Gray and Ancey, 2011) . Research accounting for interactions among constitute particles with different grain sizes and shapes on the mobility of granular flows is still out of reach. Some researchers have reported that experimental granular flows containing a range of particle sizes can exhibit macro-scale properties that differ from flows containing a single particle size (Goujon et al., 2007; Moro et al., 2010; Phillips et al., 2006; Roche et al.,2006) . The variety of mechanical properties can lead to a diversity and complication of behavior due to the interaction of polydisperse components. Actually, natural flows generally contain particles of a fairly wide range of sizes; in some cases, the size range of particles can vary from tens of micrometers up to the order of a meter (Roche et al., 2006) . Fragmentation is a prominent process in the emplacement of field rock avalanches, and can cause materials extensively fractured/shattered (e.g. Blasio and Crosta, 2014; Crosta et al., 2007; Davies and McSaveney, 2009 ). Therefore considering a wide range of particle gradation is important for proper understanding of natural granular flow. Roche et al. (2006) performed experiments on a column of fluidized particles that were released into an enclosed channel, and the behavior of fine particles is distinct from that of larger ones. They concluded that the mobility is modified when the mixture of different-sized particles was used, especially with 30% fine particles in mass proportion. Phillips et al. (2006) presented laboratory measurements of flows of binary mixtures of fine and coarse granular materials, and showed that the interaction between them can result in significantly increased mobility. They used heuristic models to illustrate that some mechanisms are likely to occur in granular flows containing a wide range of grain sizes. Degaetano et al. (2013) investigated experimentally the run-out resulting from the collapse of a granular column containing two particle species that differ in size only. They found a clear dependence of run-out on both initial mixture arrangement and proportion.
In this work, the run-out and deposition height of polydisperse materials moving over a rough inclined flume were investigated by conducting a series of laboratory experiments, and the effect of the interactions between polydisperse components on the mobility of the granular flows was examined. These granular flows contained a range of particle sizes from 0.1 mm to 10 mm, which was a rather narrow range compared to those materials involved in geophysical granular flows. Determining the chief interactions with a wide size distribution is difficult, and the choice of the particle sizes in this study aided the understanding of complex particle interactions between coarse and fine particles in real events.
Experiments and methods

Experimental set-up
The two-part flume used in the tests consisted of two slopes with the upper and lower slope (Figure 1 ). Each slope was 1.5 m in length. The two slopes were connected by hinges that permit inclination adjustments. The angle of the upper slope was fixed at 45°, and the lower slope was inclined at angles of 0°, 5°, 10°, and 15°. The width of the flume was 0.18 m, which was sufficiently small for the flows to be one-dimensional; it was also sufficiently large for negligible side wall effects. A gate, perpendicular to the upper slope, can be lifted manually (but rapidly).
Employed materials
Polydisperse materials were composed of three monodisperse materials in varying proportions but always maintained the same total mass of 3.0 kg. The bulk density of the three monodisperse materials was about 2.6 g/cm 3 , and thus the total volume of the polydisperse materials used in each test remained nearly the same. The three monodisperse materials ( Figure 2 ) were: a) Gravel: coarse particles; the grain size is 4.75~9.5 mm; b) Coarse sand: fine particles; grain size is 0.42~2.0 mm; c) Fine sand: Toyoura sand, which is a very fine material.
The grain size is 0.1~0.3 mm.
Data acquisition
Each test was filmed by a video camera. The run-out and deposition height were measured manually after each test. The deposit was divided into two parts based on the accumulation of particles ( Figure 3 ). The first part, i.e. the main part of the deposit, represented the coherent main mass of the deposit. The second part, which was only a single layer, was discontinuous from the first part and easy to distinguish. The measurements (run-out, deposition height, weight) were conducted by taking into account only the main part of the deposit. Individual particles moved beyond the flume (the rest) were not considered in this study. In the literature, the run-out is commonly defined as the total horizontal travel distance from the top of the breakaway scar to the distal end of the deposit, or the horizontal distance travelled by the center of moving mass. In this work, The main part of the deposit The second part of the deposit Figure 3 The measurement of the deposit.
the run-out was the length of the main part of the deposit accumulated on the lower slope. This choice facilitated homogeneous results that were easy to compare. The deposition height of the main part, perpendicular to the lower slope, was measured at 10 cm interval along the midstream path of the lower slope. 88 cases were studied. The inclination of the lower slope (0°, 5°, 10°, and 15°) and the proportion of each material (gravel, coarse sand, and fine sand) were varied. Each case was repeated at least three times to evaluate the repeatability and assess the validity of the corresponding measurements. After the test, each part (i.e. the main part of the deposit, the second part of the deposit, and the rest) of the deposit was weighed respectively, and their total mass was added. The loss of particles was estimated to be less than 1 g.
Experimental results
Monodisperse material
The run-outs of the monodisperse materials increased with the inclination of the lower slope ( Figure 4 ). It is easy to understand that the materials had a higher mobility on steeper slopes. However, it is surprising that the run-outs of the three monodisperse materials were almost identical on the slope with the same inclination. Coarse materials would move farther than fine materials due to less energy consumption caused by intergranular friction.
The morphology of the main part of the deposit for the three monodisperse materials on the slope of 0°, 5°, 10°, and 15°are shown in Figure 5 , 6, 7 and 8, respectively. The deposit morphology of the three monodisperse materials was similar on the slope with the same inclination.
The mass of each material (i.e. gravel, coarse sand, and fine sand) into the second part of the deposit was weighed. The coarser the particles, the more particles accumulated on the second part of the deposit (Figure 9 ). This means that coarse particles were easier to travel a long distance. The mass of the fine sand accumulated on the second part of the deposit was 1.0 g regardless of the inclination of the lower slope. With the increasing angle of the lower slope, more coarse sand and gravel moved far and deposited on the second part, especially for the gravel. This implies that coarse particles were prone to travel farther than fine particles on the steep slope.
A polydisperse material with the same mass of gravel, coarse sand, and fine sand On the 5°slope Figure 6 Deposit morphologies of the main part of the deposit for the three monodisperse materials on the 5°slope.
with those of the three monodisperse materials. The mobility of the polydisperse material was significantly higher than the monodisperse materials. This implies that the interactions between coarse and fine particles were helpful to enhance the mobility of granular flows. Figure 11 shows the deposit morphology of this polydisperse material (M g = M c = M f = 1.0 kg) on the 0°, 5°, 10°, and 15°slope, respectively. Comparing with the monodisperse materials, the deposit shape of this polydisperse material was low and long.
Each case was repeated three times with this polydisperse material (M g = M c = M f = 1.0 kg), and the second part of the deposit were weighted for each time (Figure 12 ). Less than 100 g of the materials accumulated on the second part of the deposit, and a majority of particles travelled a long distance.
Polydisperse materials with various fractions of fine sand
In order to further confirm the effect of the interactions between particles on enhancing the mobility of granular flows, polydisperse materials with various fractions of fine sand were released. In each series, the mass of the gravel was maintained (1.0 kg, 1.4 kg, or 1.8 kg), and the rest consisted of coarse sand and fine sand at different mixing proportions. Fine sand mass fraction F f was defined as the proportion of fine sand in total mass. For example, when the mass of the gravel was 1.0 kg, the mass of the fine sand was 0, 0.4 kg, 0.8 kg, 1.2 kg, 1.6 kg, and 2.0 kg, respectively. Thus, F f ranged from 0 (no fine sand) to 0.67 (all fine sand) when the mass of the gravel was 1.0 kg. Figure 13 shows the run-outs of flows on the 15°slope, which were consisting of coarse and fine particles: gravel as coarse particle, and coarse and fine sand as fine particle. The mobility was enhanced due to the interactions between particles on the 15°slope, except in the case with 1.0 kg gravel and 2.0 kg fine sand where the run-out of this polydisperse material was significantly smaller than that of the three monodisperse materials.
The trend of run-outs for the polydisperse materials in the three series was similar. The run-outs increased with F f until reaching a peak, and then decreased with further increasing F f . This suggests that a certain amount of fine sand advanced the mobility of granular flows, and excessive amount of fine sand obstructed their propagation. The reason might be that a thin layer of fine sand acted as rollers for the rolling of the gravel, leading to the reduction of effective friction resistance during the movement; the interactions between particles became more complicated than they just acted as a single-row roller to lubricate the gravel when excessive amount of fine sand was involved. These rollers threw into disarray so that the particles might be either blocked or forced into sliding. Furthermore, from the point of view of energy, the energy was consumed significantly due to interegranular friction when excessive amount of fine sand was involved that the gravel was embedded in a matrix of fine sand.
When F f was small (0 < F f ≤0.2), the flows with 1.8 kg gravel (blue line, Figure 13 ) exhibited the highest mobility. This implies that the polydisperse material containing more coarse particles might travel farther than that with less coarse particles at small F f . The main cause may be that the gravel typically had a high porosity, and the interactions between particles would be reduced by substituting a coarse particle for the same mass of fine particles. Frictional loss was proportional to the surface area of particles available for the interactions, and thus less energy was consumed by intergranular friction when the mass of the gravel increased.
The flow with 1.8 kg gravel at F f = 0.13 (1.8 kg gravel, 0.8 kg coarse sand, and 0.4 kg fine sand) travelled the longest run-out of 109 cm; the maximum run-out of 102 cm was observed for the flow with 1.4 kg gravel at F f = 0.27 (1.4 kg gravel, 0.8 kg coarse sand, and 0.8 kg fine sand), and the peak in run-out was 98.3 cm for the flow with 1.0 kg grave at F f = 0.27 (1.0 kg gravel, 1.2 kg coarse sand, and 0.8 kg fine sand). For the polydisperse materials with different mass of gravel, the flows exhibited the highest mobility at different F f . The interaction of particles with different sizes and shapes became more complicated when internal structure of granular flows was varied. The precise details of interactions among constituent particles are still poorly understood.
The flows containing 1.8 kg gravel show a peak in run-out over a range of F f between 0.1 and 0.2. The peak in run-out extended over a greater range of F f between 0.1 and 0.3 for the flows containing 1.4 kg gravel, and of F f between 0.1 and 0.4 for the flows containing 1.0 kg gravel. The peak was sharper in the experiments with 1.8 kg gravel. This suggests that the mobility was more sensitive to the proportion of fine sand when more gravel was involved.
The run-outs of flows on the slope of 10°, 5°, and 0°a re shown in Figures 14, 15 , and 16, respectively. The polydisperse materials also travelled farther than the three monodisperse materials on these slopes. The trends of run-outs were similar to that on the 15°slope. However, the run-outs on the gentle slopes were shorter than that on the 15°slope. This indicates that the inclination of the lower slope significantly influenced the mobility of polydisperse materials. The difference in run-out was not significant for a range of F f on these gentle slopes, comparing with that on the 15°slope. This implies that the effect of the interactions between coarse and fine particles on enhancing the mobility of polydisperse materials was not fully developed on the gentle slopes, i.e. the rolling motion did not readily occur on the gentle slopes. On the 5°and 0°slope, the run-outs were almost identical at large F f (0.3~0.67) regardless of the mass of gravel. This was because the gravel embedded in a matrix of fine sand and was difficult to move on these gentle slopes. M c = 0.8 kg, M f = 0.4 kg) typically exhibited the longest run-out in the series on the 15°slope. The deposit morphologies on the steep and gentle slopes significantly departed from each other. This indicates that the deposit morphology of granular flows was also influenced strongly by the inclination of the lower slope. The deposit profile was much flatter and longer on the steep slopes (15°and 10°) than that on the gentle slopes (5°and 0°). This phenomenon implies that there was a critical inclination of the lower slope between 5°and 10°at which particle motion in flows changed in this work. When the slope was steeper than the critical inclination, the particles were prone to rolling. Otherwise, the particles exhibited sliding motion. For all polydisperse materials used in the experiments, the deposits exhibited some common features as follows. First, coarse particles segregated to the surface of fine particles. This phenomenon is also observed frequently in field investigations. Second, the region of maximum concentration of particles was farther from the flow origin on the steeper slope, that is, more materials were transported a long distance. A broad range of granular materials accumulated from the position 20 cm to 90 cm on the 15°and 10°slopes. On the gentle slopes, however, the deposits concentrated a narrow range from the position 0 cm to the position 40 cm. The materials were prone to contribute to add the deposition height rather than the run-out on the gentle slope. Finally, the deposit morphologies were almost similar on the same slope for the three flows with different polydisperse components. This implies that the mobility of granular flows was more sensitive to the inclination of the lower slope than granular component.
Method
The flows described in this study varied the proportion of constitute particles but maintained the same total mass to examine the effect of interactions between particles on the mobility of granular flows.
Results
Test results indicate that the run-outs of the flows with a wide range of grain sizes were larger than the flows only containing mono-sized particles. The proportion of fine sand strongly influenced the run-out of the polydisperse materials.
The fine sand was transported with the gravel, and naturally segregated to the base of the flow under gravity. The rolling of fine sand acted as a lubricant for the gravel by the interactions with each other, and thus the friction resistance reduced during the movement. With increasing F f , a greater proportion of gravel was completely supported by the fine sand, and the run-out reached its peak. This indicates that rolling motion was very important in flow propagation, and increasing proportion of rolling to sliding in particle motion reduced energy consumption. However, the run-out decreased with further increasing F f . This was because intergranular friction dominated which was the primary source of energy loss, and thus limited the propagation of granular flows. The deposit characteristics on the steep and gentle slopes significantly departed from each other. The deposit profile was much flatter and longer on the steep slopes (15°and 10°) than that on the gentle slopes (5°and 0°). The region of maximum concentration of particles was farther from the flow origin on the steeper slope, i.e., more materials were transported a long distance on steep slope. This situation is riskier for human habitation and environmental protection in steep mountain slopes. On the gentle slopes, however, the deposit was more concentrated on the gentle slopes because the materials were prone to contribute to add the deposition height rather than the run-out. The deposit morphologies were almost similar on the same slope for the three flows containing different constitute particles. This implies that the mobility of granular flows was more sensitive to the inclination of the lower slope than granular components.
Discussion
The conclusion that F f had an influence on the run-out of granular flows is consistent with those made by other works (e.g. Degaetano et al., 2013; Phillips et al., 2006; Roche et al., 2006) . This implies that an appropriate proportion of fine particles were partly responsible for the long run-out of rock avalanches. The effects of the complex particle interactions is likely to be important in controlling the dynamics of some landslides and rock avalanches, though precise details of particle interactions is still unknown because the motion of fine particles within the flows is difficult to be observed in the tests. The interactions among particles with different size need to be further studied to better understand these phenomena.
